A study has been conducted to determine whether lithium magnesiates are feasible candidates for the enantioselective deprotonation of 4-alkylcyclohexanones. The commercially available chiral amine (+)-bis-[(R)-1-phenylethyl]amine (2-H) was utilised to induce enantioselection. When transformed to its lithium salt and combined with n Bu 2 Mg, improved enantioselective deprotonation of 4-tert-butylcyclohexanone (with respect to the monometallic lithium amide) at 20°C was observed. In an attempt to optimise the reaction further, different additives were added to the lithium amide. The best performing deprotonations at 0°C were those in which (Me 3 SiCH 2 ) 2 Mg (er pro-S 74 : 26) and (Me 3 SiCH 2 ) 2 Mn (er pro-S 72 : 28)
Introduction
One of the most fundamentally important reactions in modern day synthesis is metallation, that is the replacement of a relatively unreactive C-H bond with a more reactive (more useful) C-metal one.
1 Over the past 60 years, the reagents of choice to carry out such reactions have generally been from the organolithium family, primarily due to their high Brønsted basicity. However, these reagents have their drawbacks including that their carbanions are often so basic that they attack common solvents ( particularly ethers such as THF) and they are frequently nucleophilic; hence they generally exhibit poor functional group tolerance. To counteract these pitfalls, lithiations are mostly performed at sub-ambient temperatures (often approaching −100°C), proving a massive financial burden for the chemical industry. Kerr has recently stated that by carrying out metallations at temperatures below −40°C, the additional energetic cost to industry is in the region of £250 000 per year per batch tonne process. 2 Therefore one priority in modern day synthesis is to provide solutions to this problem by designing new metallating reagents that are capable of producing excellent results akin to their lithium counterparts but at temperatures closer to ambient. Over the past decade the concept of ate chemistry in synthesis has come to the fore. 3 When an alkali metal organometallic reagent is combined with a magnesium one, the new 'synergic' bimetallic entity (an alkali metal magnesiate) has often been shown to function as a highly efficient base at temperatures approaching ambient temperature. Table 2 ), essentially none of the desired product was formed, although addition of ZnCl 2 produced a yield of 25% with a S : R ratio of 65 : 35. If an organometallic reagent was added instead of the salt, the main trend observed was that the yields improved (in excess of 78%) although enantiomeric ratios were variable. As the n-butyl ligand contains β-hydrogen atoms, and is therefore prone to decomposition via a β-hydride elimination pathway we switched our attention to the trimethylsilylmethyl anion (Me 3 SiCH 2 − ). The best S : R enantiomeric ratio (74 : 26) was obtained when the dialkylmagnesium (Me 3 SiCH 2 ) 2 Mg was used (entry 6, Table 2 ). When Zn or Al organometallics were used (entries 7-10, Table 2 ) the er observed were essentially identical to those obtained when 2-Li was utilised without an additional metal (entry 1, Table 2 ). Interestingly, on adding the transition metal alkyl (Me 3 SiCH 2 ) 2 Mn to the lithium reagent, essentially quantitative conversion to the silyl enol ether was observed with a high degree of enantioselection (S : R, 72 : 28; entry 11, Table 3 ). Thus far our best enantioselection was achieved using 2-Li and (Me 3 SiCH 2 ) 2 Mg (entry 6, Table 3 ).
Scheme 1 Reaction of lithium chiral amides and amido (bis)alkyl lithium magnesiates with 4-tert-butylcyclohexanone. Therefore we focused our attention on trying to optimise this reaction (and that involving commercially available n Bu 2 Mg)
further. By adding a deficit (0.5 equivalents) or an excess (two equivalents) of n Bu 2 Mg to 2-Li we discovered that the yield of product increased for the former, but decreased for the latter, and the enantiomeric ratio in both cases dropped to 62 : 38 (entries 2-4, Table 3 ). When 1 : 1, 1 : 2 and 2 : 1 ratios of 2-Li and (Me 3 SiCH 2 ) 2 Mg are utilised, the product yields are excellent (>89%) and all the er are improved from the optimum n Bu 2 Mg case, the best obtained was for the magnesium-rich reaction ( pro the S enantiomer, 78 : 22) although it was modestly better than the 1 : 1 case (74 : 26) (entries 5-7, Table 3 ).
The next variable to be considered was ascertaining what effect changing the solvent medium from THF would have on the results. In carrying out the reaction of 2·Li and (Me 3 SiCH 2 ) 2 Mg in neat toluene, only a trace of the desired product formed. In diethyl ether, the GC-yield was 40% and the er was only 67 : 33 in favour of the S enantiomer. To aid solubility in hexane, one molar equivalent of THF was added; however, the product yield was low (23%) and the er was 65 : 35; hence it appears that for the systems tested THF remains the optimum solvent choice.
At this juncture it is appropriate to detail some of the NMR spectroscopic work that was performed in an attempt to shed light on the active species that is likely to carry out the deprotonation. Full details and spectroscopic data can be found in the ESI. . It was initially envisaged that these two resonances belonged to the diastereotopic H atoms present in the organometallic complex. However, a DOSY NMR experiment on a D 8 -THF solution of (d) revealed that the solution contained two distinct amido-containing species. † Thus we believe that the expected mono(amido)-bis-(alkyl) species "LiMg(2)(CH 2 SiMe 3 ) 2 " undergoes ligand reorganisation and is in equilibrium with a bis(amido)-mono-(alkyl) relative "LiMg(2) 2 (CH 2 SiMe 3 )" and the tris(alkyl) "LiMg-(CH 2 SiMe 3 ) 3 " (Scheme 2 and Fig. 1 ). To provide evidence of this equilibrium, we prepared genuine D 8 -THF solutions of "LiMg(2) 2 (CH 2 SiMe 3 )" and "LiMg(CH 2 SiMe 3 ) 3 " and obtained their respective 1 H NMR spectra corroborating that these species were present in the initial 1 : 1 2-Li and (Me 3 SiCH 2 ) 2 Mg reaction (Fig. 2) . Interestingly, when the bis(amido) magnesiate "LiMg-(2) 2 (CH 2 SiMe 3 )" was utilised in the enantioselective deprotonation reaction at 0°C, an identical enantiomeric ratio (74 : 26 pro-S) was obtained when compared to the 1 : 1 2-Li and (Me 3 SiCH 2 ) 2 Mg reaction (Table 3, entry 5). † The key finding from this experiment is that the addition of a second equivalent of the chiral amine does not improve enantioselection. This begged the question could a simple homometallic alkylmagnesium chiral amide function well in this enantioselective deprotonation? By reacting a 1 : 1 n Bu 2 Mg-2-H mixture in THF with the ketone for one hour, followed by work-up, only a 3% yield of the desired silylenol ether was obtained. By increasing the reaction time to 16 hours, the yield increased to 72% but the er was 53 : 47. Hence, for a homometallic magnesium reagent to function it appears that two amides (i.e., the absence of alkyl groups) are required (vide infra).
2
Returning to the 1 : 1 mixture of 2-Li and (Me 3 SiCH 2 ) 2 Mg, in an attempt to improve the enantioselectivity of the reaction further, we decided to introduce some common additives ( Table 4 ). Focusing on the reactions involving 2-Li and (Me 3 SiCH 2 ) 2 Mg, it was discovered that high yields were maintained using additives; however, TMEDA (N,N,N′,N′-tetramethylethylenediamine) addition caused a slight drop-off in er (from 74 : 26 to 71 : 29), but DMPU [1,3-dimethyl-3,4,5,6-tetrahydro-2-(1H)-pyrimidinone] and LiCl both enhanced selectivity (to 78 : 22 and 81 : 19 respectively). The same 81 : 19 ratio was obtained when the LiCl was generated in situ by reaction of 2·HCl with two equivalents of n BuLi.
Although the primary purpose of this work was to find an optimum system to operate at close to ambient temperature, for completeness we also investigated the reaction at various temperatures down to −78°C (Table 5) . As expected the optimum er was obtained at the lowest temperature (93 : 7) with an isolated yield of 87%. When compared with literature work 2 which utilised the chiral magnesium bis(amide) (2) 2 ·Mg, it was noted that an identical er was obtained; however, using the magnesiate system gave an increased isolated yield (87% versus 66%). As alluded to earlier, in the monometallic magnesium system two equivalents of chiral amide are required, as one equivalent would produce an alkylmagnesium amide that has an inherently different reactivity and is also subject to Schlenk-type equilibria and perhaps oligomerisation in solution. In our magnesiate system, only one equivalent of chiral amine is required and our sole additive is LiCl i.e., there is no need for DMPU. A final advantage is that the magnesiate reaction time is 3 hours; whereas for the magnesium bis(amide) it is 16 hours.
To summarise, the optimal results that we have obtained thus far are when we utilise a 1 : 1 : 1 mixture of 2-Li, (Me 3 SiCH 2 ) 2 Mg and LiCl. As such we tested this reaction mixture with other 4-alkylcyclohexanones (Table 6 ). In all cases attempted, moderate to good yields were obtained (52-89%). The best er obtained was when the alkyl group's steric bulk was reduced to isopropyl, producing an er of 82 : 18. Good enantioselection was also obtained for n Pr, Ph and Me which were 78 : 22, 77 : 23 and 75 : 25 respectively (Table S1 †) . Finally, to ascertain whether the opposite enantioselection is possible we employed (−)-bis[(S)-1-phenylethyl]amine in our optimum reaction instead of its enantiomer 2. We obtained 75% isolated yield of the compound with an S : R er of 18 : 82 at 0°C (Table 6 ).
Experimental
General methods 1 H, 13 C NMR and 7 Li NMR spectra were recorded on a Bruker DPX 400 MHz spectrometer. All 13 C NMR spectra were proton decoupled. Reagents were obtained from commercial suppliers and were used without further purification unless stated below. Purification was carried out according to standard laboratory methods. Diethyl ether, tetrahydrofuran, hexane and toluene were distilled from sodium-benzophenone. gradient, 1.7°C min −1 ; (iv) final oven temperature, 120°C; and (v) detection method, FID.
Representative experimental procedure
To a flame-dried and Ar-purged Schlenk flask, (CH 2 SiMe 3 ) 2 Mg (0.19 g, 1.0 mmol) was added and dissolved in anhydrous THF (5 mL) and the solution stirred for 5 min. BuLi (1.6 M in hexanes, 1.0 mmol) was added and then the solution was cooled to 0°C. Bis[(R)-1-phenylethyl]amine (0.22 mL, 1.0 mmol) was added and the cold solution is stirred for 1 hour. After that, 4-tert-butylcyclohexanone (1a) (152 mg, 1.0 mmol) was added to the mixture, and the resulting suspension was allowed to stir for 1 hour. TMSCl (0.256 mL, 2.0 mmol) was added and regular sampling and analysis by gas chromatography monitored the progress of the reaction.
After that the reaction is quenched with aq. NH 4 Cl solution (10 mL) and extracted with AcOEt (3 × 15 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated in vacuo to give a residue that was purified by combi-flash chromatography [hexanes-Et 2 O = 99 : 1] to afford (4-tert-butylcyclohexen-1-enyloxy)trimethylsilane as a colourless oil (195 mg, 87%).
Conclusions
Our 'optimised' lithium magnesiate appears to have the high activity of a lithium reagent, good selectivity of a magnesium one. This promising outcome is in keeping with the previously expressed view that mixed-metal formulations can often operate synergically. 13 Future studies will focus on transforming this stoichiometric reaction to a catalytic one. We gratefully acknowledge the support of the EPSRC (J001872/1 and L001497/1) for the award of a Career Acceleration Fellowship to CTOH.
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